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ABSTRACT 
INVESTIGATION OF LIGHT SCATTERING 
349q1 I N  HIGHLY REFLECTING PIGMENTED COATINGS 
The work d iscussed  r ep resen t s  (1) cont inuing t h e o r e t i c a l  
e f f o r t s  t o  e l u c i d a t e  t h e  mechanism of mul t ip l e  s c a t t e r i n g  i n  
concentrated pigmented f i l m s  and ( 2 )  continued experimental  
s t u d i e s  of t h e  o p t i c a l  p rope r t i e s  of c a r e f u l l y  prepared a r r a y s  
of s i l v e r  h a l i d e  particles. 
t h e  adap ta t ion  of classical  l i g h t - s c a t t e r i n g  theory and t h e  
genera t ion  of random-walk concepts t o  expla in  t h e  mul t ip l e  i n t e r -  
a c t i o n  problem. 
of 1.44 and an angle  of t o t a l  r e f l e c t i o n  of 45O, t h e  a t t e n u a t i o n  
c ros s - sec t ion ,  k, of 1-p p a r t i c l e s  f o r  energy i s  0.73 -- 
emphasizing t h e  preponderance of forward scatter,  The a t t e n u a t i o n  
of an i n c i d e n t  beam by a mul t ip le  a r r a y  of particles us ing  i d e n t i -  
ca l  parameters (and assuming no i n t e r f e r e n c e  by ad jacen t  particles 
w a s  determined as  t h e  number of par t ic les ,  N ,  per u n i t  a r e a  re- 
qu i r ed  t o  a t t e n u a t e  t he  inc iden t  b e a m  t o  1%. I n  a f i l m  of 1-cm2 
area wi th  a mean p a r t i c l e  spacing of 10 microns, t h e  f i l m  w a s  
c a l c u l a t e d  t o  be about 2.0 mm th i ck .  
The t h e o r e t i c a l  w o r k  involves  both 
Using classical  theory,  it i s  shown for  a r e f r a c t i v e  index 
A p r e r e q u i s i t e  f o r  t h e  development of t h e  random-walk model 
for a h ighly  pigmented p a i n t  is  the  d e f i n i t i o n  of concepts such 
as  i n t e r p a r t i c l e  d i s t a n c e ,  t he  s i g n i f i c a n c e  of an exac t  knowledge 
of p a r t i c l e  s i z e  d i s t r i b u t i o n  and t h e  concept of boundary l aye r  
c o n d i t i o n s D  For example, a s c i e n t i f i c  c o r r e l a t i o n  between pig- 
ment  p a r t i c l e  s i z e  d i s t r i b u t i o n  and p a i n t  p r o p e r t i e s  n e c e s s i t a t e s  
an accu ra t e  measurement of piqment par t ic le  s i z e  d i s t r i b u t i o n  
i n  t h e  p a i n t  system, 
t o  particle s i z e  when considering t h e  random-walk model i s  dis-  
The s ign i f i cance  of an unce r t a in ty  r e l a t i v e  
cussed i n  de t a i l ,  The d iscuss ion  of boundary condi t ions  inc ludes  
(1) su r face  f i n i s h  and r e f l e c t i v i t y  of t h e  boundary between t h e  
i n c i d e n t  energy and t h e  pigment/vehicle matrix, ( 2 )  su r f ace  
f i n i s h  and t h e  r e f l e c t i v i t y  of t h e  boundary between t h e  pigment/ 
veh ic l e  and t h e  body t o  which t h e  p a i n t  f i l m  i s  app l i ed ,  and 
( 3 )  the  e x t e n t  and s p a c i a l  conf igura t ion  of t h e  p a i n t  f i l m ,  
i n d i c a t e  t h a t  t h e  backsca t te r  i n t e n s i t i e s  due t o  each p a r t i c l e  
s i z e  a r e  a d d i t i v e  and t h a t  p a r t i c l e s  i n  t h i n  f i l m s  tend t o  ac t  
as independent scattererso 
for t h e s e  bimodal suspensions are a l so  presented.  Values of 
back-scatter i n  t e n s i t y  obtained ZL om thz ref l ec t a~ce  measurements 
of t h e  mixtures  w e r e  c o n s i s t e n t l y  less than those  p red ic t ed  
The r e f l e c t a n c e  measurements of simulated bimodal coa t ings  
The spectral back-scat ter  c o e f f i c i e n t s  
f r o m  measurements of monodisperse f i l m s ,  
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INVESTIGATION OF LIGHT SCATTERING 
I N  HIGEILY REFLECTING PIGMENTED COATINGS 
I o  INTRODUCTION 
The p r i n c i p a l  ob jec t ive  of t h i s  program is  the a p p l i c a t i o n  
of l i g h t - s c a t t e r i n g  theo ry  t o  p a r t i c l e  a r r a y s  i n  an at tempt  
t o  expla in  t h e  s c a t t e r i n g  behavior of po lydisperse  pigmented 
coa t ings ,  e s p e c i a l l y  h i g h l y  r e f l e c t i n g  pigmented coa t ings ,  
I n  t h i s  r e s p e c t ,  the program is  aimed a t  a d e f i n i t i o n  of 
l i g h t - s c a t t e r i n g  parameters assoc ia ted  w i t h  the maximum 
r e f l e c t i o n  of s o l a r  r a d i a t i o n .  
Work t h u s  f a r  h a s  involved (1) a review of the app l i cab le  
l i g h t - s c a t t e r i n g  theo ry  with s p e c i a l  emphasis on t h a t  p o r t i o n  
hold ing  t h e  most promise f o r  a p p l i c a t i o n  t o  mul t ip le  s c a t t e r i n g  
phenomena, ( 2 )  the conception of t h e o r e t i c a l  approaches and 
techniques w i t h  w h i c h  t o  t r e a t  the problem of mul t ip l e  
s c a t t e r i n g ,  and ( 3 )  the generat ion of experimental  d a t a  
concerning the o p t i c a l  p r o p e r t i e s  of c a r e f u l l y  prepared 
a r r a y s  of s i l v e r  h a l i d e  p a r t i c l e s  dispersed i n  a mat r ix ,  
The s t u d i e s  d iscussed  i n  Sec t ions  I1 and I11 a r e  concerned 
w i t h  cont inuing  e f f o r t s  on (1) the adapta t ion  of c l a s s i c a l  
l i g h t - s c a t t e r i n g  theo ry  t o  the mul t ip l e  i n t e r a c t i o n  problem 
and ( 2 )  the adapta t ion  of random-walk techniques t o  the 
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e l u c i d a t i o n  of mul t ip l e  s c a t t e r i n g .  It h a s  been necessary 
t o  d e f i n e  c e r t a i n  concepts a s  prerequis i tes  f o r  the develop- 
ment of the random-walk model f o r  a h i g h l y  pigmented, h i g h l y  
r e f l e c t i n g  p a i n t  f i lm.  A general  a n a l y s i s  of mul t ip l e  
i n t e r a c t i o n  phenomena and the concept of i n t e r p a r t i c l e  d i s t a n c e  
wi th in  a monosized p a r t i c l e  cloud w e r e  d i scussed  i n  t h e  l a s t  
q u a r t e r l y  r e p o r t  (IITRI-C6018-13) . The s i g n i f i c a n c e  of an 
inexac t  knowledge of p a r t i c l e - s i z e  d i s t r i b u t i o n  and the 
concept of boundary condi t ions  a r e  d iscussed  i n  t h i s  r e p o r t  
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11. APPLICATION O F  CLASSICAL THEORY TO MULTIPLE SCATTERING 
A. General Discussion 
This s e c t i o n  d e s c r i b e s  the  cont inuing  s tudy of t h e o r e t i c a l  
f i l m  systems through the app l i ca t ion  of M i e  l i g h t - s c a t t e r i n g  
theory .  
In  the l a s t  r e p o r t  we examined a number of systems i n  
w h i c h  a f i l m ,  descr ibed a s  a co l lapsed  cloud,  of an a r r a y  of 
monodisperse p a r t i c l e s  of i n f i n i t e  r e f r a c t i v e  index embedded 
i n  a t r a n s p a r e n t  medium was formed. These p a r t i c l e s  n e i t h e r  
absorb or t r ansmi t  l i g h t ;  they  can only ref lect  and d i f f r a c t .  
Such systems r ep resen t  a t h e o r e t i c a l  l i m i t  t h a t  i s  approached 
but  never reached i n  r e a l  systems, 
W e  w i l l  now give a p a r a l l e l  a n a l y s i s  of p a r t i c l e  
systems w i t h  r e a l  r e f r a c t i v e  index; i o e . 9  a l l  i nc iden t  l i g h t  
energy is s c a t t e r e d ,  and none i s  r e t a i n e d  by absorp t ion .  
The r a d i a l  s c a t t e r i n g  i n t e n s i t y  and the a t t e n u a t i o n  per 
ind iv idua l  p a r t i c l e  a r e  given i n  Equations 1 and 2. 
2 
~ T T  R 
Io h (i, + i2) 
2 2  e =  
I 
and 
I I T  R E S E A R C H  I N S T I T U T E  
3 
IITRI-C6018-14 
t 
In  the case  of h i g h l y  r e f l e c t i n g  p a r t i c l e s ,  only a small 
p a r t  of the energy inc iden t  on the p a r t i c l e  undergoes forward 
s c a t t e r ,  and Equation 2 descr ibes  t h i s  a t t e n u a t i o n  very  w e l l .  
However, a l a r g e  f r a c t i o n  of the energy i s  s c a t t e r e d  i n  the 
forward d i r e c t i o n  by t ransparent  p a r t i c l e s .  Equation 2 i s  
s a t i s f a c t o r y  f o r  a t t e n u a t i o n  of the forward beam i n  a long  
pa th  w i t h  nea r -pa ra l l e l  o p t i c s ,  bu t  i n  the case  of a t h i n  f i l m  
a l l  the energy i n  the forward d i r e c t i o n  wi th in  the c r i t i c a l  
angle  (the angle  of t o t a l  r e f l e c t i o n )  i s  t r ansmi t t ed ,  This 
is  i l l u s t r a t e d  i n  Figure 1 i n  w h i c h  the index of r e f r a c t i o n  
* 
i s  P/sin 8 ,  and a l l  l i g h t  ou ts ide  the cone subtended by the 
angle  2 8 undergoes either back s c a t t e r  o r  t o t a l  r e f l e c t i o n .  
An exac t  determinat ion of the f orward-scatter component 
i s  obtained by the in t eg ra t ion  of the r a d i a l  s c a t t e r i n g  
func t ion  over the s o l i d  angle of forward s c a t t e r .  This i s  
a formidable t a s k ,  and we w i l l  no t  undertake i t s  r igo rous  
s o l u t i o n ,  In s t ead ,  approximation methods w i l l  be used by 
employing averaged va lues  of the r a d i a l  s c a t t e r i n g  t e r m s .  
Lowan's modified form of Figure 1 i s  
Io h 2 (il + i2) 
- 
8 ?r2 'Q - 
* 
Note t h a t  t h i s  i s  the r e f r a c t i v e  index between the f i l m  and 
a i r  -- not  the r e f r a c t i v e  iiideji of t h e  p a r t i c l e .  
I I T  R E S E A R C H  I N S T I T U T E  
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F i g u r e  1 
LIMITS OF FORWARD- AND BACKSCATTER Iiu’ FILivIS 
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i s  the s c a t t e r e d  If3 Io is the inc iden t  energy pe r  u n i t  a r ea ;  
i n t e n s i t y  per u n i t  s o l i d  angle i n  the d i r e c t i o n  6; and il 
and i2 a r e  the angular d i s t r i b u t i o n  func t ions  f o r  the two 
plane-polarized components s c a t t e r e d  by a t r a n s p a r e n t  p a r t i c l e  
i l lumina ted  by n a t u r a l  l i g h t .  
B o  Applicat ion t o  a Theore t ica l  F i l m  
Consider f irst  a system of p a r t i c l e s  embedded i n  a f i lm.  
The r e f r a c t i v e  index of the p a r t i c l e s  i n  the medium i s  1 . 4 4 ,  
and the angle of t o t a l  r e f l e c t i o n  (Figure 1) is  45O. The forward 
s c a t t e r e d  cone w i l l  t h e r e f o r e  subtend an angle  of 90°,  i .e. ,  
a s o l i d  angle of 1 .84  s t e rad ians .  The fol lowing parameters 
apply * 
The s c a t t e r i n g  cross sec t ion ,  
1 of 4 - 0  when a = 4.8 and m = 1.44. 
spheres of 1-44 r ad ius :  s ince  a = 2 
K ,  ha s  i t s  maximum value  
Consider the case  f o r  
r / h ,  t hen  h = 1,31p. 
B y  applying a weighted average t o  the r a d i a l  s c a t t e r i n g  d a t a  
of Lowan* the averaged va lue  f o r  il and i2 i n  the forward 
s o l i d  angle  of 1 .84  s t e rad ians  i s  about 260. Then from 
Equation l a ,  the s c a t t e r e d  i n t e n s i t y  per u n i t  s o l i d  angle  i n  
the forward cone is  5,6 x w h e r e  t h e  inc iden t  energy i s  
u n i t y  pe r  u n i t  a r e a ,  o r  10 ,3  x f o r  a s o l i d  angle  of 1.84. 
LaMer ans  S i n c l a i r ,  Chem. Rev., 44, 245 (1949).  
Lowan "Tables of Sca t t e r ing  Functions fo r  Sgherical. P a r t i c l e s , "  
Nat ional  Bureau of Standards,  1948. 
I l T  R E S E A R C H  I N S T I T U T E  
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Also,  the s c a t t e r i n g  c ross  sec t ion  of a p a r t i c l e  of 1-p 
2 r a d i u s  i s  K r r 2  = 12.6 x c m  , and the t o t a l  s c a t t e r e d  
i n t e n s i t y  i s  t h e r e f o r e  12.6 x energy u n i t s .  Then the 
backsca t te red  energy by one p a r t i c l e  of 3.14 x c m  
c r o s s  sec t ion  w i l l  be (12.6 - 10.3) x 10- = 2.3 x 
2 
Thus the a t t enua t ion  c r o s s  s e c t i o n ,  K ,  of a p a r t i c l e  f o r  
- a l l  energy,  w h i c h  i s  not  the same a s  the c r o s s  s e c t i o n  f o r  the 
8 inc iden t  beam a lone ,  i s  given by 2.3 x 10- / 3.4 x and, 
i n  t h i s  c a s e , i s  0.73. This  low f i g u r e  emphasizes the prepond- 
erance of forward s c a t t e r  with th i s  ma te r i a l .  
Now the a t t e n u a t i o n  of an inc iden t  beam by a mul t ip l e  
a r r a y  of p a r t i c l e s  can be computed. The parameters a r e  the same 
a s  those  used above, and no  in t e r f e rence  by ad jacent  p a r t i c l e s  
i s  assumed. Then the a t t enua t ion  a s  s t a t e d  i n  Equation 2 i s  
1 2.303 l o g  Io/I = K r2 N. 
By r e p l a c i n g  K1 and r by their ind ica t ed  va lues  (0.73 and 1, 
r e s p e c t i v e l y ) ,  we can determine the number of p a r t i c l e s ,  N ,  
per u n i t  a r e a  r equ i r ed  t o  a t t enua te  the inc iden t  beam t o  1%: 
2.303 log 100 = 0.73 r2 N 
I I T  R E S E A R C H  I N S T I T U T E  
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so lv ing ,  
a 2 N~ = 2.0 x 10 p a r t i c l e s  per  c m  . 
2 In  a f i l m  of 1 c m  a rea  w i t h  a mean p a r t i c l e  spacing of 
l o p ,  i.e., 5 p a r t i c l e  diameters spacing between adjacent  
p a r t i c l e s ,  the f i l m  w i l l  be about 2.0 m thick. 
* 
In  the next  r e p o r t ,  w e  w i l l  extend these c a l c u l a t i o n s  
t o  i n d i c a t e  the v a r i a t i o n  of the s c a t t e r  a s  the other  para- 
m e t e r s  -- wavelength, p a r t i c l e  s i z e ,  and r e f r a c t i v e  index 
a r e  var ied .  Also we w i l l  examine the s c a t t e r i n g  f o r  some 
types of nonspherical  systems. 
* 
This c a l c u l a t i o n  w a s  made w i t h  no at tempt  t o  c o r r e c t  f o r  
t h e  beiindary c o n d i t i m  i n  which p a r t i c l e s  a r e  very  c l o s e  
t o  the t o t a l l y  ref lect ing surface.  
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111. RANDOM-WALK TECHNIQUE FOR STUDYING MULTIPLE SCATTERING 
A, Development of Random Walk wi th in  a Collapsed Cloud 
In  developing the random-walk model f o r  the condensed 
cloud,  i .e.,  f o r  the p a i n t  f i l m ,  it i s  necessary t o  know 
e x a c t l y  what i s  meant by d i f f u s e  l i g h t ,  p a r t i c l e  s i z e ,  r e f r a c t -  
i ve  index,  r e f l e c t i o n ,  and na ture  of the boundaries of the 
p a i n t  f i lm.  When the p a i n t  l i t e r a t u r e  i s  examined c l o s e l y  it 
i s  found t h a t  many of their  terms a r e  used loose ly .  It  i s  
necessary t o  de f ine  s t r i c t l y  t h e  concepts used. A p r e r e q u i s t e  
f o r  the development of the random-walk model i s  a c r i t i c a l  d i s -  
cuss ion  of these concepts.  
p red ic t ed  theo ry  r e q u i r e s  knowledge of the exac t  na tu re  of 
the e x p e r i m e n t s  t h a t  can be performed and the r e l a t i o n s h i p  
between i d e a l  and a c t u a l  measurements. 
A d i scuss ion  of boundary concepts and the meaning of 
Furtheremore the t e s t i n g  of any 
p a r t i c l e  s i z e  fol lows.  The exact  s p e c i f i c a t i o n  of p a r t i c l e  
s i z e  is  a l s o  necessary i n  the e x t r a c t i o n  of information 
from published d a t a  on l i g h t - s c a t t e r i n g  systems and i n  the 
s imula t ion  of random sc reens  f o r  the Type I1 random walk 
( i e e e ,  the co l lapsed  c loud) .  
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B. S p e c i f i c a t i o n  of Piqment Size 
I n  an e x c e l l e n t  review a r t i c l e  on the r e l a t i o n s h i p  between 
the p a r t i c l e  s i z e  of pigments and the p r o p e r t i e s  of the p a i n t  
made from t h e m ,  Neman3 made these  comments. 
t o  make a s c i e n t i f i c  c o r r e l a t i o n  between pigment p a r t i c l e  
s i z e  and p a i n t  p r o p e r t i e s ,  it is  necessary t o  be a b l e  t o  
measure w i t h  some reasonable  degree of accuracy q u a n t i t i e s  
involved i n  the proposed c o r r e l a t i o n .  Unfortunately,  the 
s c i e n t i f i c  acceptab le  knowledge both of the pigment p a r t i c l e  
s i z e s  and of r e a l l y  s i g n i f i c a n t  p a i n t  p r o p e r t i e s  s t i l l  l eaves  
much t o  be des i red ."  
"If one wishes 
Although these remarks were made almost 20 yea r s  ago, 
t h e y  s e e m  t o  be very  r e l e v a n t  t o  the c u r r e n t  s t a t e  of 
knowledge and p r a c t i c e  i n  the p a i n t  i n d u s t r i e s .  In  p a r t i c u l a r ,  
it is  not  s u f f i c i e n t l y  r e a l i z e d  t h a t  the p r e c i s i o n  w i t h  which 
a p a r t i c l e  s i z e  can be def ined may be the l i m i t i n g  f a c t o r ,  
when applying l i g h t - s c a t t e r i n g  theo ry  t o  the s tudy of the 
o p t i c a l  behavior of p a i n t s .  For example, consider  the curve 
shown i n  F igure  2. I n  the l i t e r a t u r e  t h i s  type of curve h a s  
been suggested a s  an e f f e c t i v e  u n i v e r s a l  curve t o  be used 
when cons ider ing  pigment o p t i c s O 4  The m e r i t s  of t h i s  curve 
~ 
Newman, A . C . C . ,  " P a r t i c l e  Size i n  Rela t ion  t o  the U s e  of 3 
Pigments i n  Paints,Il Supplement t o  Trans. I n s t .  of Chem.  
Ba rne t t ,  C.E., Ind. Eng. Chem. ,  41, 272 (1949).  
E n g . ,  r;J, ')c 88 (1947). 
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K = E x t i n c t i o n  C o e f f i c i e n t  
x = d rn -1 , where rn i s  re la t ive  refract ive index 2 
2 rn + 2  
Figure  2 
CLAIMED UNIVERSAL EFFECTIVE EXTINCTION CURVE 
FOR PIGMENT PARTICLE 
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a s  a v a l i d  measure of o p t i c a l  s c a t t e r i n g  power w i l l  be dis-  
cussed l a t e r .  However, it should be noted t h a t  i t s  i n t e r -  
p r e t a t i o n  should be t r e a t e d  with g r e a t  cau t ion .  But, l e a v i n g  
the ques t ion  of i t s  v a l i d i t y  open a t  t h i s  s t age  of the d i s -  
cuss ion ,  l e t  u s  consider  t h e  d i f f i c u l t i e s  of applying it 
even i f  it w e r e  e s t a b l i s h e d  a s  the ope ra t ive ,  e f f e c t i v e  
func t ion .  
Consider the problem of p r e d i c t i n g  the performance of a 
pigment by us ing  t h i s  curve. I n  the J u l y  16 ,  1963 i s s u e  of 
Chemical Processing it was claimed t h a t  hydrated alumina 
could be used a s  a pigment or f i l l e r  i n  p a i n t  system. The 
measured c h a r a c t e r i s t i c s  of the powder w e r e  quoted a s  fol lows:  
Average P a r t i c l e  
S ize ,  p, Method 
0.12 B.E.T. Method 
0.39 Fisher subs ieve s i z e  s 
0.60 M. S .A. c e n t r i f u g e  
0.30 Elec t ron  microscope 
In  applying the l i g h t - s c a t t e r i n g  curve of Figure 2 (even 
making the da r ing  assumption that  the average p a r t i c l e  s i z e  
can be used t o  c a l c u l a t e  the o v e r a l l  p r o p e r t i e s  of the p a i n t ) ,  
w h i c h  value of the diameter should be used? The two extreme 
I l T  R E S E A R C H  I N S T I T U T E  
1 2  
IITRI-C6018-14 
e s t i m a t e s  d i f f e r  by a f a c t o r  of 5 ,  and the four  e s t ima tes  
would l o c a t e  a t  very  d i f f e r e n t  r eg ions  on the s c a t t e r i n g  
curve. 
The o the r  aspec t  of t h i s  problem is  the d i f f i c u l t y  of 
c o r r e l a t i n g  repor ted  d a t a  on the  l i g h t - s c a t t e r i n g  p r o p e r t i e s  
of small p a r t i c l e s .  It i s  common p r a c t i c e  t o  r epor t  d a t a  
by drawing graphs of some measured q u a n t i t y  such a s  e x t i n c t i o n  
c o e f f i c i e n t  ve r sus  a p a r t i c l e  diameter.  However, the s i g n i f i -  
cance of the measured diameter quoted i s  not  always apparent.  
For example, consider the curves i n  Figure 3 .  These curves 
r ep resen t  d a t a  from l igh t - t ransmiss ion  d a t a  r epor t ed  by P ro f .  
Andreasen and co-workers5 from their  s t u d i e s  of barium su lpha te  
suspensions.  The v a r i a b l e  E ,  is  def ined  a s  t h e  s p e c i f i c  
d 
e x t i n c t i o n  and i s  r e l a t e d  t o  the e x t i n c t i o n  c o e f f i c i e n t .  The 
s ign i f i cance  of t h i s  t ransmission d a t a  w i l l  be discussed 
when reviewing t ransmiss ion  measurements r epor t ed  for  suspensions,  
The important p o i n t  t o  not ice  i s  t h a t  on ly  a c a r e f u l  r ead ing  
of the text of the Andreasen paper r e v e a l s  t h a t  the p a r t i c l e -  
s i z e  parameter used i n  p l o t t i n g  the d a t a  i s  the l eng th  of 
the cube volume equal  t o  t h a t  of the sphere of equal  S tokes '  
diameter.  L e t  t h i s  l e n g t h  be k. 
5 ~ d r e a s e n ,  A.H.M., K. Krebs, N.Aa, Dalsgaard Pederson, E. 
Damradt Pe te r sen  and B. K j a e r ,  Suppl. Trans. Chem. E W . ,  
f 7 n A l \  25 4 \ L Y * / J .  - 9  
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B y  d e f i n i t i o n ,  
- 'fi = 1 0.525 = 0.807 a -  
Therefore ,  without a f u l l  r e a l i z a t i o n  of the exac t  
d e f i n i t i o n  of p a r t i c l e  s i z e  used, a s u p e r f i c i a l  l o c a t i o n  
of the peak of the t ransmission could have been 20% o f f ,  
i f  the Stokes '  diameter had been used a s  the parameter,,  
I n  cons ider ing  the random screens exposed on sec t ion ing  
a p a i n t  f i l m ,  the ques t ion  of pigment  s i z e  s p e c i f i c a t i o n  
becomes accute .  If the reasons  f o r  the d i sc repanc ie s  between 
the va r ious  pigment s i z e  e s t ima tes  quoted f o r  the alumina 
could be e l imina ted ,  what could be s a i d  about the pigment 
when it i s  i n  the p a i n t  f i l m ?  In  the s tudy  of s e c t i o n s  through 
p a i n t  f i l m s  a n a l y t i c a l  techniques f o r  determining the s t a t e  
of d i spe r s ion  and the s p a t i a l  conf igura t ion  of the pigment 
l o c a t i o n s  a r e  almost nonexis tent .  
To understand the importance of t h i s  problem f o r  the 
random-walk m o d e l ,  consider  the systems i l l u s t r a t e d  i n  
Figure 4 ,  which i l l u s t r a t e s  the problem i n  two dimensions 
of cons ider ing  the effect of d i s t r i l x t i c n  of a given pigment. 
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I n  Figure 4a a number of circles a r e  set a t  random, I n  Figure 
4b these a r e  c o l l e c t e d  i n t o  random c l u s t e r s .  
The grouping of the p a r t i c l e s  h a s  a twofold  e f f e c t ,  
F i r s t ,  it reduces the a r e a  of the f i l m  i n  w h i c h  pigment 
p a r t i c l e s  a r e  a v a i l a b l e  f o r  s c a t t e r i n g  i n t e r a c t i o n .  Even 
i f  a very  crude e s t ima te  of i n t e r a c t i o n  a rea  i s  made by 
p r o j e c t i n g  i n t e r a c t i o n  a r e a s  along the base l i n e ,  it can be 
seen t h a t  the c l u s t e r s  a r e  less e f f e c t i v e .  It i s  n o t  
s u f f i c i e n t  t o  regard  t h e  c l u s t e r s  a s  forming p a r t i c l e s  of 
l a r g e r  diameter.  The c l u s t e r  has a h igher  e f f e c t i v e  absorp t ion  
c o e f f i c i e n t ,  because t h e  i n t e r n a l  p o r o s i t y  of the c l u s t e r  t ends  
t o  o s c i l l a t e  back and f o r t h ,  and the low absorpt ion c o e f f i c i e n t  
of the s i n g l e  p a r t i c l e  becomes important because of the many 
p o s s i b l e  p a t h s  wi th in  the c l u s t e r .  
It  h a s  s o m e t i m e s  been noted t h a t  a f i l l e r  improves 
the opac i ty  of an a c t i v e  w h i t e  pigment.  This improvement 
could be due t o  the f a c t  t h a t  random mixing of the l a r g e r  
i n e r t  f i l l e r  p a r t i c l e s  prevents  large c l u s t e r s  of pigment 
from forming by f i l l i n g  i n  the  i n t e r s t i t i a l  spaces  available., 
One way t o  improve the performance of p a i n t  may be a mechanical 
process f o r  ensu r ing  random e f f i c i e n t  d i spe r s ion  wi th in  the 
f i l m .  I n  t e s t i n g  the performance of any f i l m  from any theo ry ,  
however, the exac t  na tu re  of the d i s t r i b u t i o n  w i t h i n  a p a i n t  
f i l m  must be known. In  the nex t  r e p o r t  a f e w  suggest ions w i i i  
be given on p o s s i b l e  techniques of determining p a r t i c l e  
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p r o p e r t i e s  wi th in  the f i l m .  
C. Boundary Conditions i n  t h e  Boundary of R e f e c t i v i t y  of 
P a i n t  F i l m s  
An u l t ima te  aim of the program i s  the explanat ion of the 
r e f l e c t i v i t y  of p a i n t  f i lms .  To enable  any pos tu l a t ed  o p t i c a l  
t heo ry  of p a i n t  behavior t o  be appl ied  t o  any pa in t - f i lm 
system, the boundary condi t ions  of the p a i n t  f i l m  must be 
known. The important boundary cond i t ions  a re :  
Surface f i n i s h  and r e f l e c t i v i t y  of the boundary 
between the inc ident  energy and the pigment/ 
veh ic l e  mat r ix  
Surface f i n i s h  and r e f l e c t i v i t y  of the boundary 
between the pigment/vehicle and the body t o  
which t h e  pa in t  f i l m  i s  appl ied  
The: e x t e n t  and s p a t i a l  conf igura t ion  of the 
p a i n t  f i lm.  
The su r face  f i n i s h  of t h e  boundary su r faces  a r e  important 
because t h e y  effect the energy e n t r y ,  energy escape,  and 
d i r e c t i o n a l  p r o p e r t i e s  of the r a d i a t i o n  wi th in  the p a i n t  
f i l m .  The p a i n t  i ndus t ry  i s  concerned w i t h  t h e  sur face  
f i n i s h  of a p a i n t ,  but  only gross q u a l i t a t i v e  p r o p e r t i e s  
such a s  the g l o s s  or matt na ture  of a su r face  a r e  measured. 
In  the s tudy  of the i n t e r a c t i o n  of waves w i t h  a bound- 
ary,  it i s  gene ra l ly  recognized t h a t  the sur face  i s  smooth 
if i r r e g u l a r i t i e s  a r e  small  compared w i t h  the wavelength of 
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l i g h t .  However, there is l i t t l e  information on how sur face  
i r r e g u l a r i t i e s  a f f e c t  r a d i a t i o n  inc iden t  on a sur face  or  on 
how l a r g e  a smooth a r e a  must be before  r e g u l a r  r e f l e c t i o n  occurs.  
5 I n  a textbook on o p t i c s ,  J. Strong quotes d a t a  for  
i n f r a r e d  r e f l e c t i o n  from b r a s s  p l a t e s  of va r ious  roughness. 
Figure 5 shows t h a t  the energy e n t e r i n g  the b r a s s  p l a t e  
depended g r e a t l y  on the sur face  f i n i s h .  On a s u p e r f i c i a l  
l e v e l  it can be argued t h a t ,  s ince  a smooth sur face  rejects 
a h igher  amount of energy than a rough one, the aim should 
be t o  have a smooth su r face  f i n i s h .  I n  t h i s  manner the pigment/ 
veh ic l e  r e f l e c t i n g  mat r ix  w i l l  have less energy t o  cope w i t h .  
However, a l i t t l e  cons idera t ion  shows t h a t  t h i s  argument 
i s  t o o  s i m p l e .  A l l  the energy r e tu rned  t o  the sur face  by 
the pigment particles h a s  t o  pass  through t h i s  su r face  t o  be 
expelled from the system. The very  f a c t  t h a t  the smooth 
su r face  i s  an e f f i c i e n t  b a r r i e r  t o  inc iden t  energy means 
t h a t  s c a t t e r e d  energy r e t u r n i n g  from the pigment p a r t i c l e s  
encounters  an e f f i c i e n t  r a d i a t i o n  b a r r i e r .  It i s  conceivable  
t h a t  a rough su r face  may be more e f f e c t i v e  when averaged 
over many r a d i a t i o n - t r a n s f e r  events .  
A second p rope r ty  of a rough su r face  t h a t  could inc rease  
the o v e r a l l  r e f l e c t i v i t y  of the su r face  i s  t h a t  d i r e c t i o n a l  
5Strong, J., Concepts of C l a s s i c a l  O p t i c s ,  Freeman & Co., 
London, 1958, p. 279. 
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p r o p e r t i e s  of the inc iden t  r a d i a t i o n  could be changed: 
i .e. ,  p a r t  of the inc iden t  r a d i a t i o n  would become d i f f u s e  
and would be spread over a g r e a t e r  a r ea  of t h e  pigment f i l m ,  
w h i c h  t h e r e f o r e  would be u t i l i z e d  more e f f i c i e n t l y .  Without 
q u a n t i t a t i v e  information on the  r e f l e c t a n c e  of d i r e c t e d  
and d i f f u s e  l igh t  from rough sur faces  and a l s o  on the 
r e f l e c t i v e  power of smooth sur faces  f o r  i nc iden t  d i f f u s e  r a d i a -  
t i o n ,  it i s  not  possible t o  develop q u a n t i t a t i v e l y  the 
col lapsed  cloud, random-walk model. It  i s  suggested t h a t  
r e l a t i v e l y  simple experiments could provide information 
t h a t  could be used t o  c a l c u l a t e  the e f f i c i e n c y  of p a i n t  
f i l m s  as r a d i a t i o n  r e f l e c t o r s .  The suggested set of experi-  
ments i s  i l l u s t r a t e d  i n  Figure 6. D i r e c t i o n a l  r e f l e c t i o n  
measurements a r e  made w i t h  a smooth f i l m ,  and then  the 
experiments a r e  repea ted  a f t e r  the f i l m  h a s  been roughened 
by rubbing w i t h  an ab ras ive  powder. The d i f f u s e  l igh t  
experiments could be c a r r i e d  out by us ing  an i n t e g r a t i n g  
sphere.  
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I V .  EXPERIMENTAL STUDIES 
A. In t roduc t ion  
S tud ie s  of t ransmi t tance  and r e f l e c t a n c e  p r o p e r t i e s  of 
concent ra ted  t h i n  f i l m s  of s i l v e r  bromide suspensions i n  g e l a t i n  
w e r e  continued. During a p a s t  r e p o r t  period (Report N o .  
IITRI-C6018-12) s e v e r a l  sets of t h i c k e r  semitransparent  f i lms  
w e r e  prepared f o r  direct  comparison, so t h a t  both t h e  t ransmit-  
t ance  and r e f l e c t a n c e  could be measured on t h e  s a m e  f i l m s .  
Sets of t h r e e  f i l m s  w e r e  compared i n  each case. Two f i l m s  
ob ta ined  f r o m  monodisperse suspensions w e r e  compared wi th  the  
f i l m  of t h e  bimodal mixture. A detailed d e s c r i p t i o n  of t h e  
methods of comparison and t h e  experimental  data on t h e  f i l m s  i s  
given i n  previous r e p o r t s .  The r e f l e c t a n c e  measurements w e r e  
made a g a i n s t  a magnesium carbonate block. 
B o  Ref lec tance  of Simulated Bimodal Coatinqs 
During t h i s  report per iod attempts w e r e  made t o  relate 
t ransmi t tance  and reflectance of t h e  s a m e  f i l m s  d i r e c t l y ,  The 
t r ansmi t t ed  l i g h t  r e p r e s e n t s  t he  f r a c t i o n  of t h e  l i g h t  b e a m  
t h a t  has  n o t  been d e f l e c t e d  due t o  s c a t t e r i n g  (neg lec t ing  
molecular abso rp t ion ) .  Thus, t h e  optical  d e n s i t y  (OeDm = In  1/T) 
i s  a d i r e c t  measure of t h e  t o t a l  s c a t t e r i n g ,  which i s  t h e  l i g h t  
s c a t t e i e i l  i-i i  a l l  directions- A hemispherical  r e f l e c t a n c e  
measurement r e p r e s e n t s  t h e  i n t e g r a t e d  i n t e n s i t y  of t h e  l i g h t  
I I T  R E S E A R C H  I N S T I T U T E  
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backsca t te red  toward t h e  i n c i d e n t  beam; t h e r e f o r e  t h e  r e f l e c t a n c e  
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
measurement can be related t o  o p t i c a l  d e n s i t y  i n  e x t i n c t i o n  
(optical  dens i ty )  u n i t s  as  follows: 
1 
100% - % r e f l e c t a n c e  
Backscatter i n t e n s i t y  = I n  
The r a t i o  of backsca t t e r  i n t e n s i t y  t o  t h e  optical  d e n s i t y  repre- 
s e n t s  t h e  f r a c t i o n  of t o t a l  scattered energy t h a t  i s  reemi t ted  
i n  t h e  d i r e c t i o n  of t h e  inc iden t  beam. 
and backscatter i n t e n s i t y  can be r e l a t e d  a s  fol lows 
Thus, t h e  o p t i c a l  d e n s i t y  
O p t i c a l  d e n s i t y  obtained f r o m  parallel t ransmi t tance  
measurements : 
O.D. = I n  1 = 1 
T 100% - % l i g h t  scattered 
i n  a l l  d i r e c t i o n s  
Backscatter i n t e n s i t y  obtained from t h e  reflectance 
measurements 
B . I .  = I n  1 
10074 - % backsca t te red  l i g h t  ( r e f l e c t a n c e )  
Backscat ter ing c o e f f i c i e n t  = B.1 .  X 100 
O.D. 
modes of i l l umina t ion  w e r e  used i n  t h e  r e f l e c t a n c e  
measurements. I n  one case  a p a r a l l e l  beam of monochromatic 
l i g h t  a t  normal inc idence  w a s  used for i l l u m i n a t i o n ,  and t h e  
i n t e g r a t e d  hemispherical  r e f l ec t ance  w a s  measured. I n  t h e  
o t h e r  case  d i f f u s e  undispersed l i g h t  was used for i l l u m i n a t i o n ,  
ar?d t he  normal component of t h e  r e f l e c t a n c e  spectrum w a s  measured, 
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I 
The r e f l e c t a n c e  measurements w e r e  i d e n t i c a l  f o r  both modes of 
i l l umina t ion ;  t h i s  would be expected f o r  backsca t t e r  due t o  
i s o t r o p i c  p a r t i c l e s .  
The r e f l e c t a n c e  spec t r a  a re  given i n  Figures  7-9. The 
t r ansmi t t ance  spec t r a  f o r  t h e  same f i l m s  w e r e  given i n  R e p o r t  
N o .  IITRI-(26018-12. The c o r r e c t i o n s  f o r  varying f i l m  thickness 
w e r e  a l s o  given. 
I n  c a l c u l a t i n g  t h e  va lues  of backsca t t e r  c o e f f i c i e n t  
(F igu res  10-12), t h e  backsca t te r  i n t e n s i t y  va lues  due t o  the 
g e l a t i n g  blank w e r e  subt rac ted  from the backsca t t e r  i n t e n s i t y  
va lues  of s i l v e r  bromide suspensions i n  g e l a t i n  i n  order  t o  
compensate f o r  the Fressne l  r e f l e c t i o n s  due t o  the g e l a t i n .  
The backsca t t e r  c o e f f i c i e n t s  given i n  F igures  10-12 w e r e  calcu- 
l a t e d  a s  follows: 
Coeff icent  backsca t te r  = B . I .  (Ge la t in  + A q B r )  - B.E. (Ge la t in )  x 100 
O.D. 
N o  compensation f o r  F r e s s n e l  r e f l e c t i o n s  was necessary i n  the 
o p t i c a l  d e n s i t y  va lues ,  because the t r ansmi t t ance  measurements 
w e r e  made w i t h  a g e l a t i n  blank i n  the r e fe rence  beam. 
The r e f l e c t a n c e  measurements i n d i c a t e  t h a t  the backsca t t e r  
i n t e n s i t i e s  due t o  each p a r t i c l e  s i z e  a r e  a d d i t i v e  and t h e r e f o r e  
i n  backsca t t e r ing ,  the p a r t i c l e s  i n  t h i n  f i l m s  t end  t o  a c t  a s  
independent s c a t t e r e r s .  Values of backsca t t e r  i n t e n s i t y  obtained 
from the measurements of t h e  mixtures  "2 re  c o n s i s t e n t l y  less 
I I T  R E S E A R C H  I N S T I T U T E  
25 
IITRI-C6018-14 
rl 
i 
I 
! I 
N 
rl 
e 3 0  
/ 
rl 
rl 
e 
0 
rl 
e 
H 
a 
In 
N 
k n 
. c p o  u ! 
+ ?  
f I 
I b 
a 
cu 
[o 
$ 
4J ro 
m 
v 
a In 
N 
a 
N 
C! (? , P  
e 
l i I 
i n  
i j  
m - .  
m 
0 
e 
CJ 
0 
. rl 
0 
e 
26 IITRI-C6018-14 
,- . .- - -. . - . . . . __  - - - r  . -  . -  . .. 
-f- v 
l a 
- 4  
. 
4 0 ? 
m a Q) 
k I n '  
c\1 2 
0 4 
- 4  
. H 
UI 
I 
- 0  
l-i 
a 
h 
0 
m 
Frr 
0 In 
CJ 
ru a 
w 
- P  E-r . E-r 
UI 
5 
I 
I' 
In . 
27 
IITRI-C6018-14 
. -.-. ~ . ..--I .-..I..___- . . - _ _  . .. . .~ - 
, '  
a, 
k 
3 
VI 
2 
0 
w 
X 
-d s a  rl 
rl 
-4 0 . . .  6 a  
o w  a, 
T # u 3  m -2 L 
0 -1 0 
rl 
. 0 
- '  0 . 0 -1 0 
? 0 0 0 * 
D 
-k 
i 
P . 
I 
0 
t "  
I D  
x G J  
... . . 
\ / 
.I: 
\ 
' >  + . - *  e 
I 
n 
0 
. I c\I 
0 
28 
IITRI-C6018-14 
1 -  
! 
~ 
~ 
5 
I 
! 
I 
I 
I 
I 
I 
i 
i 
I 
I 
1 
I 
i 
I 
~ 
I 
I 
1 
I 
1 
I 
I 
~ 
j 
i 
I 
i 
i 
i 
I 
1. 
---- 
~ 
4- 
I- 
u) 
(u , a  
+- 
/ / '  
Q 
1 ./ 
, i y  
, 
. .  
0 . 
u) 
. 
29 II"RI-C6018-14 
I 
I 
1 
! 
I 
I 
I 
I 
j 
i 
, 
, 
I 
I 
i 
i 
I 
I 
, .  
, 
3 
1 
I 
i 
I 
i 
I 
i 
! 
I 
m a 
I 
I  
p \  In l ' c v  
c 9 m  
I 
P Q 
0 '*i \ 
m \ a \ 
Q 
i, + 
In cv a 
? 
i 
I 
I 
- O D  
I *  
I 
I 
i 
- P  
I *  
I 
-- Q 
! 
8 H
Err 
c!J 
2 
H 
30 
IITRI-C6018-14 
? '\ 
\ 
\ 
'1 
+ s  l a  )9 
i \ q\ 
! 
I 
! 
\ 
6 -. . ~. .. . . 1 -~ .. , 
0 0 
0 In 
. . 
d 
31 
IITRI-C6018-14 
than those  p red ic t ed  from measurements of monodisperse f i lms .  
The above observat ion could be due t o  experimental  errors, or 
it may i n d i r e c t l y  support  t h e  v a l i d i t y  of our prev ious ly  proposed 
i d e a l  coa t ing  t h a t  c o n s i s t s  of t h i n  l a y e r s  (Report N o .  IITRI-C6018-11), 
C. Future  Work 
Attempts are being made t o  develop experimental  procedures 
for ob ta in ing  t h i c k e r  coa t ings  of high uniformity.  Such 
coa t ings  of c o n s i s t e n t l y  v a r i a b l e  th i ckness  would have higher  
r e f l e c t i v i t i e s  and would g ive  more accu ra t e  r e f l e c t a n c e  measure- 
ments .  The depth of energy pene t r a t ion  could be determined by 
varying t h e  thickness .  The present  experiments with monodisperse 
and bimodal coa t ings  w i l l  be continued t o  check t h e  v a l i d i t y  
of our observa t ions  . 
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